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Risk as sess ment plays an es sen tial role in the pro tec tion of ground wa ter re sources, es pe cially in the re gions of po ten tial
con tam i na tion sources. The pres ent re search was aimed at as sess ing the risk of ground wa ter con tam i na tion in the vi cin ity of 
the Tychy-Urbanowice mu nic i pal land fill sys tems (south ern Po land), us ing the con tam i na tion in dex tool. Ground wa ter sam -
ples from the Qua ter nary Aqui fer were col lected from 22 piezometers lo cated near the for mer land fill site (cur rently closed)
and the new sealed land fill site dur ing a mon i tor ing pe riod from 1995 to 2015. Ex tremely high val ues (1700) of the ground wa -
ter con tam i na tion in dex were ob served in a piezometer that cap tures wa ter be neath the aban doned land fill. Very high in dex
val ues (154 or 216) were also no ticed in piezometers lo cated in the ground wa ter out flow from the land fill site. Re sults of in ter -
po la tion for in di vid ual piezometers, which cap ture only the up per or lower part of an aqui fer, are un rep re sen ta tive. The in ter -
po la tion for the mean val ues of the con tam i na tion in dex in creased the ground wa ter risk as sess ment. 
Key words: hydrogeology, ground wa ter risk as sess ment, con tam i na tion in dex, mu nic i pal land fill site, Tychy-Urbanowice.
INTRODUCTION
Un lined land fills, lo cated on per me able and vul ner a ble
ground, are usu ally a dan ger ous source of ground wa ter con -
tam i na tion. Pol lu tion in di ca tors char ac ter is tic of mu nic i pal
waste land fills in clude, among oth ers, in creased elec tri cal con -
duc tiv ity (EC) and higher con cen tra tions of Cl-, SO2 -4 , N, B+,
Cr6+, Cu2+, Zn2+, Pb2+, Hg2+, Co3+ and Ni2+ (Clark and Piskin,
1977; Bojakowska, 1994; Slack et al., 2005). The cur rent le gal
ar range ments, i.e. Coun cil Di rec tive 1999/31/EC of 26 April
1999 on waste land fill, and the Pol ish Reg u la tion of the Min is ter
of the En vi ron ment of 30 April 2013 (Jour nal of Laws, No. 523)
on land fill, im pose an ob li ga tion to con duct ground wa ter mon i -
tor ing around waste land fill, as well as spec ify the min i mum
num ber of ob ser va tion points and their lo ca tion in the hy dro dy -
namic sys tem (at least one ob ser va tion point at the ground wa -
ter in flow into the land fill, and at least two mon i tor ing points lo -
cated at the out flow), and the sam pling fre quency and min i mum 
range of the field and lab o ra tory tests in re la tion to spe cific EC,
pH, to tal or ganic car bon (TOC), Cu2+, Zn2+, Pb2+, Hg2+, Cd2+,
Cr+6 and polycyclic ar o matic hy dro car bons (PAHs).
In the area of pol lu tion sources, it is nec es sary to con duct a
re li able ground wa ter qual ity mon i tor ing that al lows both a pro -
per as sess ment of the im pact of the pa ram e ters on the ground -
wa ter and the de vel op ment of a plan to coun ter act the neg a tive
ef fects of pol lu tion (Hakanson, 1980; Grath et al., 2001; Jou -
sma and Roelofsen, 2004; Niel sen, 2006; Quevauviller et al.,
2009). Given that the reg u la tions gov ern ing the ground wa ter
mon i tor ing around land fills have been un der go ing trans for ma -
tions for many years, along with sev eral changes in both the ex -
ploi ta tion of lo cal ground wa ter mon i tor ing net works (LGWMNs)
and in their struc ture (e.g., sev eral optimizations, re place ments
of con trac tors car ry ing out field and lab o ra tory work, with the cri -
te rion be ing the low est of fer), a com pre hen sive as sess ment of
the im pact of waste land fills on ground wa ter over pro tracted
time in ter vals is of ten im pos si ble.
The as sess ment of the im pact of pol lu tion source on ground -
wa ter can be car ried out with the use of pre dic tive mod els (Li et
al., 2012), mon i tor ing or geo phys i cal tests (Singh et al., 2008),
re search based on an iso to pic multi-tracer ap proach, and lab o ra -
tory tests (Weber et al., 2002; So³tysiak, 2007, 2009). The most
com monly used method is an anal y sis of tem po ral and spa tial
vari abil ity of the in di vid ual com po nents of ground wa ter, based on 
the re sults of mon i tor ing tests (Vilomet et al., 2001, 2003).
A syn thetic as sess ment of the im pact of pol lu tion source  on 
ground wa ter in a spe cific area can be car ried out us ing pol lu tion 
in di ces (Soltan, 1999; Singh et al., 2015). The most com mon
mea sures de ter min ing the level of ground wa ter pol lu tion com -
prise the heavy metal pol lu tion in dex (Mohan et al., 1996),
metal pol lu tion in dex (Tamasi and Cini, 2004), Nemerow in dex
com pre hen sive eval u a tion method, and Cfi con tam i na tion in dex 
(Backman et al., 1998).
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The wa ter qual ity in dex (Brown, 1970) and the ap pli ca tion of 
the in verse dis tance-weighted method to spa tial in ter po la tion
(Selvam et al., 2015) use the in for ma tion on wa ter qual ity trends 
and com pare to the gen eral pub lic or to the pol icy mak ers.
There fore, it was de cided to use the Cd con tam i na tion in dex
(Backman et al., 1998) to as sess the ground wa ter chem i cal
com po si tion changes in the area of Tychy-Urbanowice mu nic i -
pal land fills.
This in dex al lows the pos si bil ity to as sess com pre hen sively
both spa tial and tem po ral changes in con tam i na tion based on a 
sin gle cu mu la tive in dex (Cd), and the par tial in di ces cal cu lated
for the in di vid ual pa ram e ters (Cfi) in cluded in the cu mu la tive in -
dex. This is en sured by cal cu lat ing the in dex value for in di vid ual 
piezometers and then in ter po lat ing the ob tained val ues for the
ana lysed area of re search. Such maps can be made for dif fer -
ent years of op er a tion of the mon i tor ing net work. An im por tant
ar gu ment for us ing this method, which is dimensionless, is that
it makes it easy to com pare dif fer ent wa ter com po nents.
The aim of the study was to pres ent changes in the val ues
of con tam i na tion in dex in se lected years for the op er a tion of the
mon i tor ing net work and to as sess the neg a tive im pact of the old 
land fill on ground wa ter. Ad di tion ally, the lack of piezometers at
the in flow of ground wa ter to the land fill and the lack of data from 
the lo ca tion of the land fill site af fect the re li able as sess ment of
ground wa ter qual ity in the re gion was also con sid ered. For this
pur pose, the in dex cal cu la tion was made via a sim u la tion of the
ex is tence of the afore men tioned ob ser va tion points, as sum ing
the in ter po la tion of con tour line dis tri bu tion in 1995. More over,
the in ter po la tion of the con tam i na tion in dex was car ried out
based on the re sults from nested piezometers, un der three dif -
fer ent sce nar ios (re spec tively, the re sults from the piezometers
in stalled in the up per part of the aqui fer, in its lower part, and the 
mean re sults from two pairs of the piezometer nest).
In or der to cal cu late the in dex of ground wa ter con tam i na -
tion, five pa ram e ters were uti lized: EC, SO2 -4 , Cl- and HCO-3 , and 
the sum of N-NO3, N-NO2 and N-NH4.
STUDY AREA AND DATA
The study deals with ground wa ter in the neigh bour hood of
an un lined mu nic i pal land fill lo cated in the south ern part of the
town of Tychy, in the Urbanowice Dis trict, south ern Po land. The 
waste used to be stored in an old sand ex ca va tion pit, di rectly
on nat u ral ground. Since 1984, 0.6 mil lion tons of mu nic i pal
waste, dom i nated by food waste, pa per, or ganic and in or ganic
res i due and glass (Rosik-Dulewska, 2005), have been stored
over an area of 3.5 ha. The thick ness of de pos ited waste var ied
be tween 6 and 12 m. Due to the neg a tive im pact on ground wa -
ter, the land fill was aban doned in 1995 and has been sys tem at i -
cally mon i tored since then. The land fill’s rec la ma tion started in
1996 and was com pleted in 1997 (Witkowski, 2015). The top of
the land fill, with an area of ~35,000 m2, was cov ered with a plas -
tic film and soil. 
Be tween 1994 and 2004, two new lined sites were des ig -
nated near the aban doned land fill. Both new sites had sep a rate
leach ate drain age sys tems di rected by a com mon col lec tor to
the neigh bour ing waste wa ter treat ment plant (D¹browska,
2012). The area hous ing the en tire com plex of land fills, along
with the ac com pa ny ing fa cil i ties, cov ers 12.7 ha (Fig. 1;
D¹browska et al., 2016). There are also other pol lu tion sources
in this re gion – a sew age treat ment plant lo cated to the south of
the de scribed land fills and a land fill owned by one of the au to -
mo tive con cerns lo cated north-east of the land fills.
Ground wa ter in the area of these land fills has been mon i -
tored for more than 20 years. The orig i nal Lo cal Ground wa ter
Mon i tor ing Net work (LGWMN) con sist ing of 14 piezometers
(from P1 to P14; Fig. 1) was con structed in 1995. In sub se quent 
years, the net work has been sup ple mented with seven new
piezometers: 
– piezometers P15, P16 were in stalled in the upgradient zone
of the land fill area;
– piezometer P18 was placed on the top of the aban doned
land fill;
– two pairs of nested piezometers (P17 and P17A, and P19
and P19A) were lo cated in sep a rate bore holes, with P17
and P19 mea sur ing the top, and P17A and P19A mea sur ing 
the bot tom of the aqui fer. 
At the same time, seven piezometers were sys tem at i cally
liq ui dated (P5, P6, P7, P11, P12, P13 and P14; Fig. 1). The
sam pling fre quency was also changed. Cur rently, 15 piezo -
meters, in clud ing the two pairs of nested piezometers, is be ing
sam pled in the area of the com plex of land fills (D¹browska et
al., 2016). Since 1998, the ground wa ter has been mon i tored
twice a year in the old land fill area. At pres ent, the sam pling is
con tin ued on piezometers P1, P2, P8, P9, P10, P16, P17,
P17A, P18, P19 and P19A. The ac tive land fill is mon i tored
quar terly, cur rently through the sam pling of piezometers P1,
P2, P3, P4, P5 and P15.
The mon i tored com plex of land fills is lo cated in the cen tral
part of the Up per Silesian Coal Ba sin, within the Fore -
-Carpathian de pres sion filled with Mio cene sand stone for ma -
tions. The Qua ter nary for ma tions oc cur ring in the vi cin ity of the
land fills are rep re sented by Pleis to cene flu vial de pos its: var i -
ously grained sands, rarely grav els and clays. The thick ness of
the de pos its is in the range from 12.5 to 17.0 m (Witkowski and
¯urek, 2007).
In the re gion of the com plex of land fills, there are three aqui -
fers of Qua ter nary, Tri as sic and Car bon if er ous or i gin. Di rectly
be neath the land fills, there is the shal low sandy Qua ter nary
Aqui fer, which is ~10 m thick and prac ti cally not in su lated from
the ground sur face. Lo cally, this aqui fer is di vided by poorly per -
me able clay-dust for ma tions in two sep a rate, but hy dro dy nam i -
cally con nected lay ers. The two-layer sys tem oc cur ring within
the Qua ter nary Aqui fer is very im por tant from the point of view
of the spa tial dis tri bu tion of ground wa ter pol lu tion in the area of
the mon i tored land fills. The Qua ter nary Aqui fer is in su lated
from the lower-ly ing wa ter-bear ing ho ri zons (Tri as sic and Car -
bon if er ous) by a com plex of poorly per me able Mio cene clay for -
ma tions with a thick ness of ~80 m (Fig. 2). Ground wa ter from
the Qua ter nary Aqui fer gen er ally flows south ward (Fig. 2) to -
wards the Gostynia River, which is the lo cal dis charge base for
95% of ground wa ter flow ing out from the land fill area (Sitek et
al., 2010). The wa ter ta ble within this aqui fer is mostly un con -
fined; ac cord ing to the mea sure ment re sults from 2015, it is lo -
cated at a depth be tween ~2.8 m near the P15 piezometer and
~8.3 m near the P8 piezometer (Witkowski, 2015). Lo cally, the
wa ter ta ble is con fined; the static wa ter level in the P18
piezometer, lo cated on the top of the in ac tive land fill, is at a
depth of 12.3 m (Fig. 2). The sea sonal fluc tu a tions of the
ground wa ter ta ble are small, 30 cm on av er age.
METHODS
To eval u ate the vari abil ity of tem po ral and spa tial changes
in chem i cal com po si tion of ground wa ter in the area of the com -
plex of the mu nic i pal waste land fills in Tychy-Urbanowice, the
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Cd con tam i na tion in dex was used. This in dex was first in tro -
duced by Backman et al. (1998), and is a mea sure of the
amount of ground wa ter pol lu tion in re la tion to the nat u ral hydro -
chemical back ground (Backman et al., 1998; Dragon, 2004). 
The ground wa ter con tam i na tion in dex (Cd) in the area of the 
de scribed pa ram e ters has been cal cu lated based on the el e -
men tal for mula (Bhuiyan et al., 2016):
C Cd fi
CNi
= å
n [1]
where:
C C
Cfi
Ai
Ni
= - 1 [2]
in which Cfi is the con tam i na tion in dex for the i-th pa ram e ter; CAi is
the an a lyt i cal value for the i-th pa ram e ter; CNi is the up per range of
the val ues of the nat u ral hydrochemical back ground.
In or der to se lect pa ram e ters for cal cu lat ing the con tam i na -
tion in dex, prin ci pal com po nent anal y sis (PCA) (Abdi and Wil -
liams, 2010) was adopted and car ried out in re spect of the fol -
low ing 14 pa ram e ters: 1) SO2 -4 , 2) NO+4 , 3) EC, 4) Cl-, 5) NO-2 , 6) 
HCO-3 , 7) NO-3 , 8) N, 9) Zn2+, 10) Cd2+, 11) Cu2+, 12) Pb2+, 13)
Fe2+, 14) Cr6+. Due to the avail abil ity of data (re sult ing from
chang ing le gal reg u la tions, and var i ous mon i tor ing teams), the
choice of other pa ram e ters, such as TOC, was im pos si ble. In
the cur rent re search area, the first seven pa ram e ters were cho -
sen tak ing into ac count re sults of PCA anal y sis, be cause they
ex plain the high est vari ance in the data set. How ever, be cause
the range of the pa ram e ter val ues changed both in time and in
the sam ples from par tic u lar piezometers, the fi nal con tam i na -
tion in dex was cal cu lated based on the fol low ing pa ram e ters:
spe cific EC, SO2 -4 , Cl- and HCO-3 , and the to tal of N-NO3, N-NO2
and N-NH4. What posed a se ri ous prob lem was the chang ing
num ber of points over time in the mon i tor ing net work, and the ir -
reg u lar fre quency of their sam pling.
The val ues of hydrochemical back ground of ground wa ter
was de ter mined as the mean arith me tic val ues of the mea sure -
ments of physicochemical prop er ties, car ried out on 15 sam ples
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Fig. 1. The sys tem of land fills in Tychy-Urbanowice with the ground wa ter mon i tor ing net work
col lected be tween 1995 and 2000 from the P12 piezo meter. It is
among the most rep re sen ta tive piezometers due to the con struc -
tion and po si tion in re la tion to the hy dro dy namic sys tem. The
anal y sis of the hy dro dy namic sys tem for the study area shows
that con tam i nated wa ter did not flow into this piezometer
(Witkowski, 2001). A choice of 15 sam ples was dic tated by the
fact that mod ern iza tion of the mon i tor ing net work and changes in 
the chem i cal com po si tion of ground wa ter started in 2000. The
tested val ues of in di vid ual pa ram e ters have nor mal dis tri bu tion
(based on Lilliefors test) with the sig nif i cance cor rec tion value
>0.2. Fi nally, the fol low ing val ues of the back ground were
adopted to cal cu late the con tam i na tion in dex: EC: 240.1 mS/cm;
to tal sum of N-NH4+N-NO2+N-NO3: 2.7 mg/dm3; Cl-:
10.3 mg/dm3; SO2 -4 : 66.9 mg/dm3; and HCO-3 : 38.5 mg/dm3.
The pre sen ta tion of the in di ces on the map en abled the as -
sess ment of changes in the chem i cal com po si tion of ground wa -
ter in the area of the ex am ined pa ram e ters. Maps pre sent ing
the dis tri bu tion of the con tam i na tion in dex for the in di vid ual pa -
ram e ters also al low for the in stant iden ti fi ca tion of higher con -
cen tra tions of the pol lut ants and their pos si ble spread ing
(Stigter et al., 2006). The con tam i na tion in dex value in creases
with the in creas ing con cen tra tion of in di vid ual pa ram e ters in
ground wa ter. In the case of heavily trans formed ar eas, the wa -
ter pol lu tion in dex in volves high val ues. It is un der stood that, for
highly in dus tri al ized ar eas, the in dex value ex ceeds 3 (Brraich
and Jangu, 2015). The cal cu la tion of the in di ces for each of the
five se lected pa ram e ters (Cfi) and the to tal con tam i na tion in dex
(Cd) has been made based on the re sults of ground wa ter mon i -
tor ing car ried out be tween 1995 and 2015.
To in ter po late the in dex val ues, the or di nary kriging method
was em ployed (Boissonnat and Cazals, 2001). In ter po la tions of 
the con tam i na tion in di ces were first made us ing only the kriging
method in the Surfer soft ware (Golden Soft ware v14, 2017). Af -
ter that, the re sults were cor rected tak ing into con sid er ation
hydrogeological knowl edge, and fit ted to the ac tual hydro dyna -
mical con di tions in the ana lysed area. The cor rec tion con -
cerned the ar eas for which the al go rithm would in di cate other
in di ca tor val ues than those ob tained from the re search. How -
ever, the used method was the most rep re sen ta tive among
tested tri an gu la tion, ra dial base func tion, and the near est neigh -
bor hood al go rithm.
To il lus trate the data rep re sen ta tive ness, three vari ants of
the con tam i na tion in dex dis tri bu tion in the zone of the ground -
wa ter out flow from the land fill area have been pre sented: in the
up per part of the aqui fer, in the bot tom part of the aqui fer, and
when the re sults from the two pairs of piezometer nests are in -
volved. 
RESULTS
The cal cu la tion of the par tial con tam i na tion in dex (Cfi) for
EC, SO2 -4 , Cl- and HCO-3 , and the to tal of N-NO3, N-NO2 and
N-NH4 (Nin) for the sam ples taken around the com plex of the
land fills in 1995–2015, con firmed the neg a tive im pact of the old
land fill on ground wa ter. The val ues of par tial con tam i na tion in -
di ces for these pa ram e ters vary widely from –1.0 to 1139.88
(Ta ble 1). These are also the high est and most var ied val ues for 
Nin., while the low est val ues and also less vari able are no ticed
for sulphates (from –0.98 to 9.1). All ground wa ter con tam i na tion 
in dex scores com puted for EC, SO2 -4 , Cl-, HCO-3  and sum of
N-NO3, N-NO2, N-NH4 (Nin) are pre sented in Ap pen dix 1*.
Sig nif i cant spa tial dif fer ences for par tic u lar in di ces have
been no ticed. The val ues of con tam i na tion in di ces are up to
sev eral hun dred times higher for the ground wa ter in the
piezometers of the ob ser va tion net work of the old land fill (P10,
P17, P17A, P18, P19, P19A) than those of the new land fill (P3,
P4, P5’, P11–P14; Ap pen dix 1). This is par tic u larly true for the
in dex of the to tal amount of min eral forms of ni tro gen (Nin),
whose val ues ranged from –1 in P12 (mon i tor ing the new land -
fill; no im pact) to 1,139.88 in P18 (mon i tor ing the wa ter be neath
the old un lined land fill), and 519.38 in P19A (mon i tor ing the wa -
ter at the bot tom of the aqui fer in the south ern fore land of the old 
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Fig. 2. Sche matic hydrogeological cross-sec tion A–B from Fig ure 1
land fill, i.e. the wa ter out flow zone). Sig nif i cantly higher val ues
of the Nin con tam i na tion in dex were also ob served in other
piezometers mon i tor ing the zone of ground wa ter out flow from
the old land fill area (P10: 114.86 – Ap pen dix 1; and P17A:
92.55; Fig. 3A). Ni tro gen com pounds are a char ac ter is tic in di -
ca tor of the im pact of mu nic i pal land fill sites on ground wa ter.
One of the ba sic pa ram e ters in di cat ing ground wa ter pol lu -
tion is EC. The back ground value for this pa ram e ter near the
land fill was de ter mined at 240 mS/cm. Di rectly be low the land fill, 
EC ranged from 8.556 to 37.500 mS/cm, whereby the con tam i -
na tion in dex value for this pa ram e ter was in the range of 34.63– 
155.17 (an av er age of 128.36). High val ues of this par tial con -
tam i na tion in dex were also de ter mined for sam ples taken from
the south ern front of the land fill, i.e. from piezometers P10,
P19A and P17A (max ima of 42.06, 22.89 and 27.67, re spec -
tively; Ap pen dix 1 and Fig. 3B).
The EC value pri mar ily de pends on both the con cen tra tion
of the main ions and the load of or ganic com pounds. In this pa -
per, only the first fac tor was taken into ac count. A higher con -
cen tra tion of chlo ride ions is an in di ca tor of pol lut ants near the
mu nic i pal land fill. The high est con cen tra tions of chlo rides
were found in sam ples from the P18 piezometer, up to 6,630
mg/dm3, while the back ground con cen tra tion is ~10 mg/dm3.
This state is re flected in the val ues of the con tam i na tion in dex
cal cu lated for chlo rides, which range from 390 to 640 with a
mean value of 487. The in creased val ues of the chlo ride in dex
were also de ter mined in sam ples taken from the south ern
front of the land fill, i.e. from piezometers P19A, P10 and P17A
(Ap pen dix 1 and Fig. 3C). A sim i lar sit u a tion was doc u mented
for bi car bon ates, whose el e vated con cen tra tions (18060,
2721 and 2879) and high con tam i na tion in dex val ues (468, 67, 
74) were also found in wa ter sam ples taken from piezometers
P18, P19A and P17A (Fig. 3D). 
Ex tremely high val ues (EC – 155, Nin – 1140, Cl – 640,
HCO3 – 468) of al most all of the ana lysed con tam i na tion in di ces 
(ex clud ing SO2 -4 ) were noted in the wa ters be neath the land fills(P18). The Eh mean value mea sured in this piezometer in 2015 
was 66 (Witkowski, 2015). These wa ters prove a re duc ing en vi -
ron ment, wherein the pro cesses of denitrification and sul phate
re moval could take place. It is ev i denced by both the rel a tively
low value of the con tam i na tion in dex for sulphates (max. 2.74)
and the very high value of the in dex for the to tal amount of min -
eral forms of ni tro gen (max. 1139.88), which is de ter mined by
the ex tremely high con tent of am mo nia ni tro gen (to 3,091.126
mg/dm3) de spite low con cen tra tions of ni trates (5.69 mg/dm3). 
The re sults of the mea sure ments per formed dur ing this pe -
riod showed no sig nif i cant changes in the ground wa ter con di -
tion in the area, sug gest ing the ab sence of the im pact of pol lu -
tion sources on the ground wa ter mon i tored by this piezometer.
Piezometers P16 and P15, lo cated to the north of the land fills,
in the ground wa ter in flow zone, were drilled later in the pe riod
con cerned (no ear lier than 2000). 
The max i mum, min i mum and mean val ues of the par tial
con tam i na tion in di ces for in di vid ual pa ram e ters (Cfi) of the ana -
lysed pe riod are pre sented in Ta ble 1. For the cho sen piezo -
meters lo cated along the flow line (in clud ing nested piezo -
meters in stalled within the up per or lower zones of the aqui fer),
these val ues are pre sented in Fig ure 3. The cor re spond ing val -
ues for the to tal in dex (Cd) for all piezometers are shown in Ta -
ble 2, while the spa tial dis tri bu tion of the to tal val ues of the con -
tam i na tion in di ces is pre sented on multivariate maps (Figs.
4–6). 
The dis tri bu tion of ana lysed par tial in di ces in re la tion to the
dis tance from the land fill and the depth in nested piezometers is 
also note wor thy. It is ev i dent that there are gen er ally higher val -
ues of all in di ces for deeper piezometers (ex cept for sulphates
in P17A) (Fig. 3A–E). Fur ther more, an in creas ing trend in the
in di ces for EC, chlo rides and sulphates, with re gard to the dis -
tance from the land fill for both shal low (P19 and P17) and
deeper (P19A and P17A) piezometers is pre sented (Fig.
3C–E). The same trend is ob served for bi car bon ates in deeper
piezometers (P19A and P17A), but there is a slight de creas ing
trend in the shal low ones (P19 and P17). A dif fer ent sit u a tion is
pre sented in re spect of the min eral form of ni tro gen (Fig. 3A),
where a de creas ing trend with in creas ing dis tance from the
land fill is pre sented in both shal low (P19 and P17) and deeper
(P19A and P17A) piezometers (Fig. 3A). Such dis tri bu tion of
this in dex re sulted in ammonification and denitrification pro -
cesses oc cur ring in the land fill (P18), denitrification and ammo -
ni fication pro cesses in the deep part of the aqui fer (P19A and
P17A), and ni tri fi ca tion pro cesses oc cur ring in the un sat u rated
zone and in the up per part of the aqui fer, ob served with an in -
creas ing dis tance from the land fill (P19 and P17). 
Be tween 1995 and 2015, the value of the to tal con tam i na -
tion in dex of the ground wa ter (Cd) ranged from –1.85 in P6 (cur -
rently liq ui dated) to 2,336.64 in P18 (mon i tor ing the wa ter be -
neath the old land fill) (Ta ble 2). The mean val ues of the con tam -
i na tion in dex for the piezometers mon i tor ing ground wa ter in the
area of the new land fill did not ex ceed 38, while those for the in -
ac tive land fill (at the side of the P18 piezometer) were 311.84
(in P19A).
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1420
T a  b l e  1
Ex treme and mean val ues of the par tial con tam i na tion in di ces (Cfi) 
for se lected com po nents in 1995–2015 for piezometers in volved
 in the mon i tor ing net work in Tychy 
Com po nent Max Cfi Min Cfi Mean Cfi Num ber of sam ples
EC  155.17 –0.99   9.21 951
Nin 1139.88 –1    51.26 527
Cl-   640.82 –0.8 36.32 697
SO2 -4     9.1 –0.98   0.74 697
HCO-3  467.73 –1    24.94 817
As with the pre vi ously men tioned par tial in di ces, the high est 
val ues of the to tal con tam i na tion in dex (Cd) were pre sented in
the ground wa ter be neath the old land fill (P18) and in the zone
of wa ter out flow from the area of the land fills, par tic u larly in the
nested piezometers mon i tor ing the lower part of the aqui fer
(P17A and P19A) (Fig. 3F above, Ta ble 2). It should be noted
that the mean value of the con tam i na tion in dex for the P18
piezometer (1767.47) is al most six times higher than the high -
est mean value for the other piezometers (311.84 in P19A) (Ta -
ble 2). The low est val ues of the in dex were ob served for the
piezometers in stalled to the east (P13) and to the south (P3,
P4, P5, P11) of the new land fill and within the ground wa ter in -
flow into the area from the north (P15).
INTERPRETATION
A com plex anal y sis of Fig ure 3A–E shows that the con tam i -
na tion plume from the land fill moves to the south, and then
plunges down in line with the dis tance from the land fill. The in -
creas ing trend among nested piezometers P19, P19A and P17, 
P17A, lo cated along the ground wa ter flow di rec tion, in di cate
nat u ral at ten u a tion pro cesses oc cur ring in the land fill, lead ing to 
a re duc tion in the pol lu tion load pro duced by the mon i tored
land fill. For ex am ple, the pre sented high est con tam i na tion in -
dex for sulphates in the shal low piezometer P17 (Fig. 3E) could
be the re sult of sul phide ox i da tion or an ad di tional source of
sulphates in that area (in fil tra tion of con tam i nated wa ter from
sur face run off). 
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Fig. 3A–F – changes in the val ues of par tial con tam i na tion in di ces (Cfi) and to tal con tam i na tion in dex (Cd) in se lected
piezometers lo cated along the ground wa ter path way, 1995–2015, Tychy-Urbanowice land fills, south ern Po land
The high value of the con tam i na tion in dex for the P16
piezometer, in stalled at the ground wa ter in flow into the land fill
area, re sults from lo cal ground wa ter con tam i na tion due to ni tro -
gen com pounds and sulphates, as so ci ated with both in tense
ag ri cul ture and a large an i mal shel ter lo cated nearby. 
It should be noted that spa tial dis tri bu tion of the to tal con -
tam i na tion in dex of ground wa ter (Cd) is mostly in flu enced by the 
par tial in dex for Nin. Both in di ces show the same pat tern of spa -
tial dis tri bu tion (Fig. 3A, F).
All cal cu la tions of the con tam i na tion in dex were per formed
for the av er age an nual val ues of Cd at each piezometer, which
is as so ci ated with a more rep re sen ta tive spa tial dis tri bu tion of
the in dex. The tem po ral changes in the spa tial dis tri bu tion of
the con tam i na tion in dex val ues in the se lected five years (1995, 
2003, 2007, 2010 and 2015) are shown in Fig ures 4 and 5.
These years were cho sen pur posely for the fol low ing rea sons:
– 1995 was the year of mon i tor ing start, with the old land fill
be ing the only one that ex isted at that time;
– 2003 was the last year be fore the ac ti va tion of the first site
of the new land fill, while mod i fi ca tion of the ob ser va tion net -
work was also car ried out that year;
– 2007 is when the con struc tion of the sec ond site of the new
land fill was started, while an other mod i fi ca tion to the mon i -
tor ing net work was made;
– 2010 saw the larg est num ber of mon i tor ing points be fore
the last re or ga ni za tion;
– 2015 was the fi nal year of the re search based on the cur -
rent/last mod i fi ca tion of the ob ser va tion net work.
It should be noted, how ever, that the num ber of piezo -
meters used for the in ter pre ta tion of spa tial vari abil ity of the pol -
lu tion in dex was change able through out these years. The num -
bers of ac tive piezometers in the par tic u lar years were as fol -
lows: in 1995 – 14 (P1 to P14); in 2003 – 14 (P1–P4, P5’,
P8–P16); in 2007 – 16 (P1–P4, P5’, P8–P13, P15–P17, P17A,
P18); in 2010 – 18 (P1–P4, P5’, P8–P13, P15–P17, P17A, P18, 
P19 and P19A); and, in 2015, af ter the last mod i fi ca tion, the ob -
ser va tion net work com prised 15 piezometers (P1–P4, P5’,
P8–P10, P15–P17, P17A, P18, P19, P19A). There fore, a re li -
able de ter mi na tion of the tem po ral vari a tion of the spa tial dis tri -
bu tion of the in dex in the study area is rather dif fi cult. Es pe cially
prob lem atic was the build ing up of a re li able pic ture of the sit u a -
tion dur ing the ini tial pe riod, i.e. in 1995, when the mon i tor ing
net work was smaller and did not in clude piezometers P15 and
P16 (ground wa ter in flow zone), piezometer P18 (in the land fill
area), nor nested piezometers P17, P17A and P19, P19A (in
the ground wa ter out flow zone from the land fill site).
Against this back drop, an at tempt was made to ver ify the
rep re sen ta tive ness of the adopted method of in ter po la tion for
the re sults of the chem i cal anal y ses of 1995. The anal y sis was
per formed for three dif fer ent vari ants of the spa tial dis tri bu tion
of the pol lu tion in dex, as il lus trated in Fig ure 4.
In the first vari ant (Fig. 4A), the map of the dis tri bu tion of the
ground wa ter con tam i na tion in dex around the de scribed pa ram -
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T a  b l e  2
Ex treme and mean val ues of the con tam i na tion in dex (Cd), 1995–2015, Tychy-Urbanowice land fills, south ern Po land
Piezometer Cd min value Year of de tec tion Cd max value Year of de tec tion Cd mean value Num ber of sam ples
P1 12.03 1995    71.01 2015   37.44 36
P2    6.66 2001     48.03 2008   19.85 36
P3    0.02 2005    25.53 2001     9.10 37
P4 –0.65 2000    44.40 2005    9.67 37
P5 –1.73 2000     1.72 1995     0.08 12
P5` –1.26 2004    14.00 2013     3.59   6
P6 –1.85 1999      3.64 1996     1.73   8
P7    2.89 1996    13.18 1998    8.22 13
P8     2.72 2002    14.51 2011     6.50 36
P9     1.56 2001    81.33 2014   27.14 36
P10      50.54    1996 329.27 2000 153.69 38
P11 –1.36 2001      2.75 2003   –0.04 40
P12 –1.62 1998      4.82 1996     1.22 20
P13     1.89 2003    12.65 1998     8.56 20
P14     7.04 2000     12.82 1998     9.57 14
P15 –0.05 2005     15.51 2003     7.44 11
P16    5.20 2000    82.31 2006   31.47 39
P17    5.29 2010    70.20 2012   54.98 16
P17A 147.8       2015 285.60 2010 215.65 16
P18 720.08    2007 2336.64 2010 1767.47   16
P19 32.45    2014     46.17 2012   38.55 16
P19A 88.85    2008 682.31 2011 311.84 16
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e ters was made solely by ap ply ing the in ter po la tion method
(kriging) to the re sults from the ex ist ing ob ser va tion net work,
con sist ing of 14 piezometers. The re sult ing pat tern of the in dex
dis tri bu tion in di cates the east ward spread ing of the pol lu tion
cloud. How ever, this di rec tion is in con sis tent with the ground -
wa ter flow di rec tion in this re gion (north to south). An other ar gu -
ment for the re jec tion of such an in ter po la tion is the fact that wa -
ter sam ples taken from the piezometers, which be long to the
ob ser va tion net work of the new land fill (P3–P5, P11–P14), do
not in di cate the im pact of the land fill. More over, the data from
piezometer P12 were used to de ter mine the hydrochemical
back ground for this area. The dis tri bu tion of the con tam i na tion
in dex, as pre sented in Fig ure 4A, also em pha sizes that the
high est val ues of the con tam i na tion in dex are re lated to the
ground wa ter out flow from the dis used land fill, i.e. in the area of
piezometer P10. This could mean that the max i mum con cen -
tra tions of pol lut ants in the pol lu tion plume, as gen er ated by the
dis used land fill, shifted from the land fill site to the south, pos si -
bly in di cat ing a re duc tion in pol lut ant emis sions from these pa -
ram e ters. Un for tu nately, af ter hav ing in stalled new piezometers 
in both the wa ter in flow zone (P15 and P16) and the out flow
zone (P17, P17A, P19 and P19A), and within the land fill area
(P18), the sub se quent re search in di cated a fur ther neg a tive im -
pact of the land fill on ground wa ter and ex treme con cen tra tions
of pol lut ants un der the land fill. In this sit u a tion, the dis tri bu tion
ob tained for 1995 (Fig. 4A) should be re garded as un re li able. In 
or der to au then ti cate the spa tial dis tri bu tion of the ana lysed in -
dex, a sim u la tion of the ex is tence of two piezometers lo cated in
the wa ter in flow zone, i.e. P15 and P16 (Fig. 4B), was car ried
out. In this sim u la tion, the points at the ground wa ter in flow were
al lo cated the val ues of the con tam i na tion in di ces cal cu lated us -
ing a three-pe riod mov ing av er age method, based on the avail -
able chem i cal anal y ses for the P15 and P16 piezometers. The
ob tained val ues of con tam i na tion in di ces for P15 and P16 were
2.47 and 8.19, re spec tively.
This pro ce dure re sulted in a slight shift in the in dex val ues
>5 to wards the north-west and, in turn, their cov er ing of the
north east ern part of the old land fill and the north west ern part of
the new land fill (Fig. 4B). The ar range ment of the in dex iso -
clines in the south ern part did not change. Its high est val ues
were still re lated to the P10 piezometer in stalled out side the
land fill in the wa ter out flow to the south. A more re li able in ter pre -
ta tion of the dis tri bu tion of the ground wa ter pol lu tion in dex near
the land fills in 1995 is shown in Fig ure 4C. The dis tri bu tion of
the con tam i na tion in dex around the old land fill is also pre sented 
based on mon i tor ing data from 1995; the dis tri bu tions are
shown in Fig ure 4B. Ad di tion ally, a mon i tor ing point at the top of
the dis used land fill was sim u lated (P18). This point was al lo -
cated a value of 1,100.85, which was ob tained us ing a mov ing
av er age method that was anal o gous to that used for P15 and
P16. This pro ce dure re sulted in a com pletely dif fer ent spa tial
dis tri bu tion of the con tam i na tion in dex in the dis used land fill
area and its south ern fore land (Fig. 4C). The high est in dex val -
ues were re lated to the ground wa ter be neath the land fill (in
P18), whereas the over all spa tial ar range ment of the in dex
pointed to the hy dro dy namic ar range ment of the ground wa ter,
thus in di cat ing that the neg a tive im pact of the land fill con formed 
to the ground wa ter flow di rec tion, i.e. from north to south.
Sim i lar prob lems aris ing from the vari able num ber of
piezometers emerged in the in ter pre ta tion of the spa tial dis tri -
bu tion of the con tam i na tion in dex in the years of 2003, 2007,
2010 and 2015 (Fig. 5). How ever, in those years, the maps of
the spa tial dis tri bu tion of in dex Cd were drawn up based on in -
ter po la tion, tak ing into ac count the hydrogeological con di tions,
es pe cially ground wa ter flow di rec tion. The in ter po la tion of the
spa tial dis tri bu tion of the con tam i na tion in dex for 2007 (Fig. 5B)
Fig. 4. Spa tial changes of the con tam i na tion in dex value (Cd) in 1995 for dif fer ent con fig u ra tions 
of the mon i tor ing net work, Tychy-Urbanowice land fills, south ern Po land
A – in ter po la tion for the ob ser va tion net work ex ist ing in 1995; B – in ter po la tion with a sim u la tion of the 
ex is tence of two piezometers lo cated in the wa ter in flow zone; C – in ter po la tion with a sim u la tion of the 
ex is tence of two piezometers as in the Fig ure 4B and a mon i tor ing point at the top of the dis used land fill
has been based on the mean value for ac tive nested piezo -
meters P17 and P17A. For 2010 (Fig. 5C) and 2015 (Fig. 5D),
the mean value for each of the two pairs of ac tive nested
piezometers (P19, P19A and P17, P17A) has been ap plied. 
The spa tial dis tri bu tion of the con tam i na tion in dex in di cated
that the great est al ter ation of the chem i cal com po si tion of
tested wa ters (Fig. 5) oc curred di rectly un der the in ac tive land fill 
and in its im me di ate south ern vi cin ity.
Worth not ing is that the con tam i na tion in dex val ues at all the 
piezometers have been very change able over time (Ta ble 2
and Fig. 5). Sig nif i cant changes in the pol lu tion in dex value in
the ana lysed pe riod were ob served at piezometers sur round ing 
the old land fill from the west (P9, P8) and east (P1, P2). The
most vis i ble changes were ob served at piezometers P9 and P1, 
which yielded the high est con tam i na tion in dex val ues of 81.33
and 71.01, re spec tively (Ta ble 2 and Fig. 5). This may be as so -
ci ated with a pe ri odic change in the ground wa ter flow di rec tion
and the pres ence of two wa ter-bear ing lay ers in the pro file of
these piezometers. 
Fig ure 5 shows a gen eral in creas ing trend in the in dex val -
ues, which is par tic u larly well-vis i ble at the south ern dis charge
zone, where the range of the con tour line 10 is shifted fur ther to
the south and cur rently oc cu pies a sig nif i cantly larger area (Fig.
5D). How ever, in the last five years, a re verse trend has been
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Fig. 5. Tem po ral changes in the spa tial dis tri bu tion of the ground wa ter con tam i na tion 
in dex in the re gion of the Tychy-Urbanowice land fills, south ern Po land, 
for piezometers ex ist ing
no ticed at the piezometers lo cated im me di ately south of the
land fill, es pe cially at piezometer P10. The re sults of the anal y -
ses of the nested piezometers (P17/P17A and P19/P19A) are
highly note wor thy (Fig. 5). The con cen tra tion of in di vid ual pa -
ram e ters in the wa ter within the piezometers, which re spec -
tively mon i tor the up per (P17, P19) and the lower parts of the
aqui fer (P17A, P19A), is sig nif i cantly dif fer ent. In 2010, the an -
nual mean value of the con tam i na tion in dex was 50 times
higher at P17A than P17, and 18 times higher at P19A than
P19. Five years later, the dis crep ancy be tween P17A and P17
de creased to a fac tor of about two, whereas, in the case of
P19A and P19, the in dex value was only five times higher in the
lower part of the aqui fer. This re sulted in a de crease in the av er -
age con tam i na tion in dex cal cu lated for both pairs of the nested
piezometers, from 350 to 102 in P19/P19A, and from 145.5 to
114.5 in P17/P17A (Fig. 5C, D). In the same five-year pe riod,
the con tam i na tion in dex for piezometer P10 de creased from
115 to 92. This re sulted in a dif fer ent spa tial dis tri bu tion of the
in dex in 2015 (Fig. 5D), which con firms the va lid ity of the afore -
men tioned sug ges tions con cern ing nat u ral at ten u a tion pro -
cesses in the land fill. 
Of par tic u lar in ter est is the high tem po ral vari abil ity in the
con tam i na tion in dex for piezometer P17 com pared to other
nested piezometers (Ta ble 2). The rea son for this may be the
high ground wa ter vul ner a bil ity in this area (thin and very per me -
able un sat u rated zone) and change able rain wa ter in fil tra tion.
The min i mum an nual mean value of the con tam i na tion in dex
was re corded in the ex tremely wet year of 2010, when in tense
re charge caused the con tam i na tion di lu tion in the up per part of
the aqui fer. 
Di ver si fied val ues from the ad ja cent nested piezometers
neg a tively af fected the func tion ing of the in ter po la tion al go rithm 
re sult ing in a less re li able pic ture of the dis tri bu tion of the con -
tam i na tion in dex value. There fore, the spa tial dis tri bu tion of the
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Fig. 6. Spa tial vari abil ity of the ground wa ter con tam i na tion in dex (Cd) for the dif fer ent con fig u -
ra tions of nested piezometers, Tychy-Urbanowice land fills, south ern Po land
A – de tailed study area; B – based on in di ces for the shal low piezometers P17 and P19; C – based
on in di ces for the deep piezometers P17A and P19A; D – based on av er age in dex val ues 
for both pairs of nested piezometers
con tam i na tion in dex in the south ern dis charge area was drawn
for the fol low ing three op tions: 
– based on only the shal low piezometers, i.e. P17 and P19
(Fig. 6B); 
– based on only the deep piezometers, i.e. P17A and P19A
(Fig. 6C); 
– based on the mean val ues from both pairs of piezometers
(Fig. 6D). 
These three op tions show dif fer ent spa tial dis tri bu tions in
the an nual mean con tam i na tion in dex val ues cal cu lated for
2010 (when there was the larg est num ber of mon i tor ing points
and be fore the last net work re or ga ni za tion). 
Anal y sis of these three dif fer ent de pic tions of the in dex val -
ues’ dis tri bu tion (Fig. 6B–D) sug gests that the first two (Fig. 6B,
C), when con sid ered sep a rately, are also un rep re sen ta tive of a
re li able as sess ment of the gen eral im pact of the land fill on the
ground wa ter sta tus. Af ter hav ing con sid ered only the val ues
from shal low piezometers (P19 and P17), the ob tained dis tri bu -
tion of the con tam i na tion in dex in di cates a lim ited and rather
small im pact of the land fill on ground wa ter. This may also sug -
gest that the spread of the con tam i nant plume is lim ited by nat -
u ral at ten u a tion pro cesses tak ing place in the fore land of the
land fill (Fig. 6B). The op po site sit u a tion oc curs when the data
from the deep piezometers (P17A and P19A) are taken into ac -
count (Fig. 6C). The spa tial dis tri bu tion of the Cd in dex points to
a more sig nif i cant and a wider range of im pacts of the land fill.
The rea son for such val ues of the Cd in dex value is the mi gra -
tion of con tam i nants, which are fur ther away from the land fill,
through the bot tom part of the aqui fer. The spa tial dis tri bu tion of 
the mean val ues of the in dex (Fig. 6D) pres ents a pic ture of the
range of av er age ground wa ter con tam i na tion lev els within the
aqui fer pro file, which cor re sponds well with the data from other
piezometers with a long screen (P2, P3, P9, P10; Fig. 5C) and
is some what re li able in the case of a thin ho mo ge neous aqui fer.
IMPLICATIONS
The con tam i na tion in dex is a sim ple and use ful tool to de ter -
mine syn thet i cally the trans for ma tion of the chem i cal com po si -
tion of wa ter. Its sim ple for mula of cal cu la tion al lows in volv ing
si mul ta neously the pa ram e ters that are in com pa ra ble with each 
other, e.g. con duc tiv ity and con cen tra tions. An im por tant con di -
tion for the cal cu la tion of re li able val ues of the con tam i na tion in -
dex in volves the prop erly de ter mined val ues of the nat u ral
ground wa ter chem i cal back ground in the study area. How ever,
it is not a sim ple task, in ar eas sub jected to the neg a tive and
over lap ping im pact of dif fer ent con tam i na tion sources. If the re -
li able val ues of the chem i cal back ground for the cal cu la tion of
the con tam i na tion in dex can not be de ter mined, the high est ac -
cept able con cen tra tions of the in di vid ual pa ram e ters for drink -
ing wa ter can be ap plied. The sec ond highly im por tant as pect of 
the re li able in dex cal cu la tion is the ap pli ca tion of an ap pro pri ate 
set of pa ram e ters that are rel e vant to spe cific en vi ron men tal
con di tions and the types of pol lut ant gen er ated by mon i tored
pa ram e ters. An ef fec tive so lu tion in this re gard in volves the ap -
pli ca tion of prin ci pal com po nent anal y sis (PCA) (Abdi and Wil -
liams, 2010). For the ana lysed land fill area, the PCA of 14 pa -
ram e ters was car ried out, which re sulted in the se lec tion of
seven es sen tial pa ram e ters (SO2 -4 , NH4+, EC, Cl-, NO2-, HCO-3 ,
NO3-) that mostly in flu ence the chem i cal com po si tion and the
ground wa ter con di tion in the in ves ti gated area. Both these as -
pects of re li able con tam i na tion in dex cal cu la tions have been
fully taken into ac count in this pa per. 
An other im por tant is sue dis cussed in this pa per is the re li -
able in ter pre ta tion of the spa tial and tem po ral changes of the in -
dex. A prop erly de signed ground wa ter ob ser va tion net work and 
a prop erly cho sen method to in ter pret the re sults pro vide the
ba sis for reach ing ac cu rate con clu sions about the im pact of pol -
lu tion sources on ground wa ter. Of key im por tance is the knowl -
edge of hydrogeological con di tions, es pe cially the ground wa ter
flow di rec tion and the lo ca tion of the up stream and down stream
zones in re la tion to the mon i tored land fill. It is im por tant to as -
sess the ground wa ter com po si tion, along side the re li able val -
ues of the con tam i na tion in dex, in the con firmed un con tam i -
nated upgradient zone of the con sid ered source of pol lu tion.
The next step should be the proper in ter po la tion of the spa tial
dis tri bu tion of the in dex in the ground wa ter downgradient ar eas. 
The con tour maps of the spa tial vari abil ity of the Cd in dex, con -
structed for the whole area, with no ad e quate num ber of
piezometers and with out tak ing into ac count the hy dro dy namic
con di tions, may be un rep re sen ta tive, as il lus trated in the ex am -
ple of the area of the land fill com plex in Tychy (Figs. 4 and 5).
The pre lim i nary in ter pre ta tion of the spa tial dis tri bu tion of the re -
sults can also be ver i fied by later data. This was con firmed by
the ex am ple of the land fill com plex in Tychy, for which the con -
di tions from 1995 were ana lysed (Fig. 4A–C). It was pos si ble to
de ter mine the most prob a ble and re al is tic im pact of the land fill
on the ground wa ter sta tus only when the hydrogeological con -
di tions and the sub se quent re sults were taken into ac count, and 
the val ues of the con tam i na tion in dex in the sim u lated points
were de ter mined. 
Due to the vari able num ber of piezometers, the same prob -
lem oc curred with the re li able as sess ment of the tem po ral
changes in the spa tial dis tri bu tion of the ground wa ter con tam i -
na tion in dex (Figs. 4 and 5). The anal y sis of changes in the cal -
cu lated in di ces for se lected years (1995, 2003, 2007 and 2015)
showed a vari able pat tern of their spa tial dis tri bu tion. 
Ex tremely high val ues of the to tal con tam i na tion in dex of
ground wa ter (Cd) were ob served in the P18 piezometer that cap -
tures wa ter be neath the aban doned land fill. The in dex val ues
var ied from 720.08 in 2007 to 2.336 in 2010, in di cat ing leach ate
from the land fill rather than ground wa ter. Very high in dex val ues
were also no ticed in piezometers lo cated at the ground wa ter out -
flow from the land fill site, for ex am ple, the Cd value in the P10
piezometer was 50 in 1996 and 329 in 2000. A sim i lar sit u a tion
oc curred in the case of the the deep-nested P19A piezometer.
The con tam i na tion in dex value for this piezo meter was 88.85 in
2008 and 682.31 in 2011. Ground wa ter con tam i na tion in the P18 
piezometer was so high (e.g., EC = 37.500 mS/cm) that even the
low est value of the con tam i na tion in dex for the P18 piezometer
(720.08) was higher than the high est value (682.31) for the afore -
men tioned P19A deep piezo meter lo cated at the south ern edge
of the land fill (Figs. 1 and 2).
Anal y sis of tem po ral changes of con tam i na tion in dex val ues
shows no vis i ble neg a tive or pos i tive trends in ac tive (P3, P4,
P5’) and re cently aban doned (P11, P12, P13, P14) piezo meters
mon i tor ing the new ac tive land fill. This may in di cate no neg a tive
im pact of the new ac tive land fill on ground wa ter. Some dif fer ent
trends were ob served in piezometers that mon i tored the old land -
fill. De spite the pe ri od i cal (sea sonal) changes, gen eral in creas -
ing trends were no ticed in old piezometers sur round ing the old
land fill from the west (P9, P8) and east (P1, P2). Un til the pe riod
of 2010–2012, the same in creas ing trend was also ob served in
new (drilled in 2006–2007) nested piezo meters. Re cently, the re -
verse trend has been ob served in these piezometers. In ter est ing
changes were found in the old piezo meter P10 lo cated south of
the old land fill, in the ground wa ter out flow zone. In this piezo -
meter, an in creas ing trend in con tam i na tion in dex val ues was ob -
served from 1997. It changed to a de creas ing one in 2001, con -
tin u ing to date. 
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1. The cal cu lated con tam i na tion in dex val ues and the tem po -
ral and spa tial vari abil ity ob served around the old land fill in di cate:
– sig nif i cant neg a tive im pact of this land fill on ground wa ter;
– de creas ing neg a tive im pact in the south ern out flow zone
over the last 5 years; 
– sig nif i cant ver ti cal changes in the con tam i na tion in dex val -
ues in the south ern out flow zone;
– re cent faster move ment of the con tam i na tion plume than the
con tam i nant de liv ery to the ground wa ter from the land fill; 
– ap pear ance of nat u ral at ten u a tion pro cesses within the old
land fill and in its out flow zone; 
– sig nif i cant ver ti cal and hor i zon tal changes in the con tam i na -
tion plume ex tent (due to sea sonal changes in both ground -
wa ter flow di rec tions and ground wa ter re charge).
2. Re li able as sess ment of the spa tial dis tri bu tion of the con -
tam i na tion in dex is de ter mined by the dif fer ences in piezometer 
con struc tion.
3. Re li able ground wa ter risk as sess ment, which em ploys
the con tam i na tion in dex and con tour maps, should be sup -
ported by hydrogeological knowl edge along with a prop erly de -
signed ground wa ter mon i tor ing net work and a prop erly se lected 
method to in ter pret re sults.
4. More rep re sen ta tive re sults of ground wa ter risk as sess -
ment should be ob tained for a sys tem at i cally sam pled, ho mo -
ge neous reg u lar mon i tor ing net work that con sists of the same
types of piezometer: ei ther sin gle piezometers with a long
screen cap tur ing wa ter from the en tire aqui fer layer, or nested
piezometers cap tur ing wa ter from dif fer ent depths. 
5. It is rec om mended to re duce the amount of land fill mass
en cap su lated within the closed land fill, to re move its haz ard ous
ma te rial, or to re claim the area, but in a way that lim its the neg a -
tive im pact of leachates on ground wa ter.
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from the funds of the Lead ing Na tional Re search Cen tre
(KNOW) re ceived by the Cen tre for Po lar Stud ies of the Uni ver -
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